A B S T R A C T Skin fibroblasts from two siblings with hydroxylysine-deficient collagen (Ehlers-Danlos syndrome, type VI) contained normal levels of collagen prolyl hydroxylase activity but were markedly deficient in collagen lysyl hydroxylase activity. 
A B S T R A C T Skin fibroblasts from two siblings with hydroxylysine-deficient collagen (Ehlers-Danlos syndrome, type VI) contained normal levels of collagen prolyl hydroxylase activity but were markedly deficient in collagen lysyl hydroxylase activity. The deficiency was evident in all fractions of cell lysates, in low and high ionic strength buffers, and in detergent. Assays of mixtures of wild-type and mutant cell lysates indicated no activation of mutant enzyme by factors in wild-type cells or inhibition of normal enzyme by material in mutant cells. Wild type or mutant cells cultured with ascorbic acid (50 ug/ml of culture medium, added daily) contained approximately the same level of lysyl hydroxylase activity as cells cultured without ascorbate, but prolyl hydroxylase activity without ascorbate was depressed in both an average of 41%. The mutant lysyl hydroxylase was less stable at 370C than the wild type and did not form high molecular weight aggregates in low ionic strength buffers, as did the control enzyme. The activity of the mutant enzyme was maximally stimulated after dialysis against buffer solutions containing 10 mM dithiothreitol. When assayed in 100 iAM dithiothreitol, the mutant enzyme exhibited a higher apparent Km for ascorbate (20 /AM) than the wild type (4 /AM). In 1.0 mM dithiothreitol the mutant enzyme's apparent Km for ascorbate was reduced to 5 aM. Wild type and mutant enzymes had the same apparent Km for a-ketoglutarate (20,sM) . The properties of prolyl hydroxylase in wild type and mutant cells were identical: apparent Km's for ascorbate and a-ketoglutarate were 100 /AM and 20 /AM, respectively. If mutant enzyme protein with altered kinetic properties is the only enzyme functioning to hydroxylate lysyl residues in collagen, the variations in hydroxylysine content observed in collagen from different tissues in the subjects reported here could be in INTRODUCTION Current knowledge of the events in collagen metabolism is such that the biochemical basis of certain connective tissue disorders can now be explained. Human hydroxylysine-deficient collagen disease (Ehlers-Danlos syndrome, type VI) is a disorder characterized by a specific aberration in collagen synthesis. This heritable disease was first identified in two sisters with features suggestive of both Ehlers-Danlos and Marfan syndromes (1) . The clinical manifestations of the disease included kyphoscoliosis, joint laxity with recurrent joint dislocations, hyperextensible skin, and slow wound healing. Amino acid analysis of the dermis from the two children showed that the skin collagen contained a normal amount of hydroxyproline, but the hydroxylysine content was markedly reduced to approximately 5% of normal. The hydroxylysine content of other tissues was reduced to a variable extent; fascia contained 14-28%, bone about 43%, and cartilage 90% of the amount present in corresponding tissues from normal subjects. The skin collagen from these patients was abnormally soluble in denaturing solvents such as 4 M CaCl2 and 9 M KSCN. These observations were consistent with a deficiency of hydroxylysine-derived intermolecular cross-links, and analysis of borohydride-reducible cross-links indicated abnormalities in the nature, distribution, and amount of these moieties in the dermal collagen (2) .
Hydroxyproline and hydroxylysine are formed by enzymatic oxidation of prolyl and lysyl residues in precursor component chains of the collagen molecule. The hydroxylations are catalyzed by two separate enzymes, prolyl hydroxylase, (prolyl-protocollagen hydroxylase The Journal of Clinical Investigation Volume 57 January 1976 -83-93 or collagen prolyl hydroxylase EC 1.14.11.2), and lysyl hydroxylase (lysyl-protocollagen hydroxylase or collagen lysyl hydroxylase). Lysates of cultured skin fibroblasts from the affected siblings contained normal levels of prolyl hydroxylase activity but reduced lysyl hydroxylase activity (less than 15% of that present in fibroblasts from normal subjects) (3) . In vitro assays of prolyl and lysyl hydroxylase activity in crude lysates of normal and mutant cells require the presence of oxygen, ca-ketoglutarate, ascorbic acid, and ferrous ion for the hydroxylation reactions to occur at optimal rates. Thus the enzymes in human skin fibroblasts have characteristics in common with prolyl hydroxylases from human and rat liver (4, 5) , newborn rat skin (6), chick embryos (7) , and mouse L-929 fibroblasts (8, 9) , as well as lysyl hydroxylases from chick embryo (10, 11) and fetal rat skin (12) . [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Control cells used in earlier studies were from normal subjects age-matched for the mutant subjects. Some of these cells were no longer available during the present studies. All control cells used in the present experiments were from children aged 3 wk-18 yr and matched approximately for passage number and growth rate. The culture medium, modified Eagle's medium (Grand Island Biological Co., Grand Island, N. Y.) supplemented with 15%o fetal calf serum, glutamine, essential and nonessential amino acids, glucose (1.5 mg/ml), sodium pyruvate (0.22 mg/ml), and Fe(NO3)3r9 H20 (1 mg/ml) was changed twice weekly. Cultures 2 days after confluence were harvested by trypsinization, cells were counted in a hemocytometer, separated from the medium by centrifugation at 1,200 g for 10 min, washed three times with phosphatebuffered saline, and then suspended at a density of 0.1-1 X 108 cells/ml in 40 mM Tris-HCl (pH 7.4), 250 mM sucrose, and 50 mM 2-mercaptoethanol (2-ME).V All operations after trypsinization were done at 4°C. The cell sus-'Abbrevtiations used in this paper: DTT, dithiothreitol; 2-ME, 2-mercaptoethanol; PCMB, para-chloromercuriben- Ascorbate concentrations. Ascorbate concentrations were determined by modified spectrophotometric methods utilizing diazotized 4 methoxy-2-nitroaniline (16, 17) . Standard ascorbate solutions of 5-50 ,ug/ml (in 25 mM Tris-HCI, pH 72) were prepared by dilution of a stock solution containing 500 ,eg/ml. Color reagent was prepared by dissolving 500 mg of 4-methoxy-2-nitroaniline in glacial acetic acid (125 ml) and diluting the solution to 250 ml with 10% aqueous sulfuric acid. The color reagent (2 ml) was diazotized by reaction with 2 ml of fresh 0.2% sodium nitrite solution, and 75 ml of absolute ethanol was added as soon as the reaction mixture became colorless. Then 1.0 ml of diazotized color reagent solution was immediately added to 1.0 ml of ascorbate solutions and mixed for 1 min, and 0.5 ml of 10% sodium hydroxide was added. The blue product exhibited an absorption maximum at 570 nm. A standard curve relating absorbance at 570 nm versus ascorbate concentration was linear in the range 5-100 gg/ml.
Ascorbate concentrations in freshly prepared solutions of dehydroascorbic acid (in 25 mM Tris-HCl, pH 7.2) containing varying concentrations of DTT were established by comparison with the standard curve.
RESULTS

Collagen hydroxylase activities in normal and deficient cells
Whole cell lysates of mutant cells and 50,000 g supernates contained levels of prolyl hydroxylase activity within the range of that in control cells, but in both preparations the lysyl hydroxylase activity in mutant cells was markedly lower than that in any control cell (Table I) . Because cells from different agematched normal subjects cultured under identical conditions contain variable levels of lysyl hydroxylase, prolyl hydroxylase, and lactate dehydrogenase activities, exact quantitation of a deficiency of lysyl hydroxylase activity can be arbitrary. In any given cell lysate, the ratio of the activity of collagen lysyl hydroxylase to that of collagen prolyl hydroxylase may best reflect relative lysyl hydroxylase activity, since both enzymes are presumed to be involved only in the biosynthesis of collagen.
Sonication of cell suspensions in buffer containing 0.1% Triton X-100 did not significantly increase the collagen lysyl hydroxylase activity present in the 50,000 g supernate of normal or mutant cell lysates. Suspensions of the 50,000 g pellets (in 40 mM Tris-HCl, pH 7.4, 250 mM sucrose, and 50 mM 2-ME) and extracts of acetone powders prepared from such suspensions contained residual lysyl and prolyl collagen hydroxylase activities, but all such preparations from mutant cells were deficient in lysyl hydroxylase activity. Though collagen lysyl hydroxylase from chick embryos has been found to be relatively insoluble in low ionic strength buffers (11), we found similar lysyl hydroxylase activity in 50.000 g supernates of fibroblast lysates in both high Collagen Lysyl Hydroxylase from Ehlers-Danlos Syndrome Fibroblasts that omission of DTT at this concentration had little effect on the rate of lysyl or prolyl hydroxylation by enzymes in cell lysates prepared and stored in buffer containing 50 mM 2-ME; however, cell lysates dialyzed against buffers lacking 2-ME required DTT in the assay solution for significant rates of prolyl and lysyl hydroxylation (Table II) Ascorbate and enzyme levels Lysyl hydroxylase activity in multiplying fibroblast cultures roughly paralleled the number of cells in the culture ( Fig. 2A) . At all time points examined after planting of the culture, the deficiency of lysyl hydroxylase activity in the mutant cells was evident. Daily supplementation of the culture medium with ascorbate (to 50 sg/ml) produced no significant change (-15-+ 25%) in lysyl hydroxylase activity in cultures of normal or mutant cells, although in one of three experiments the activity in mutant cells rose eightfold (but only to a level 12% of control).
Prolyl hydroxylase activity in wild type and mutant cells was affected adversely by the continuous presence of ascorbate in the culture medium. In three experiments (one of which is shown in Fig. 2B Cell lysates were diluted 10-fold with 40 mM Tris-HCl (pH 7.4), 250 mM sucrose with or without 50 mM 2-ME, and dialyzed at 4VC for 72 h against the same buffer.
In some experiments PCMB (final concentration, 0.1 mM) was added to enzyme in assay solution containing cofactors but not DTT or protocollagen substrate. The assay was initiated by addition of the latter two ingredients immediately after PCMB was added.
a-ketoglutarate, and ferrous sulfate). The inhibition by PCMB was still apparent even though DTT (to 100 FAM) was added at the time of assay. When fibroblast lysates were dialyzed for 24 h at 4VC against buffer containing a relatively high concentration of DTT (10 mM), the activities of prolyl hydroxylases from normal or mutant cells and the lysyl hydroxylase from normal cells were usually unaffected, but the activity of lysyl hydroxylase from mutant cells was invariably significantly enhanced (Table III) . In other experiments performed under the same conditions, the activity of the mutant enzyme was less dramatically stimulated (twofold increase in activity compared to fourfold observed in some experiments). After prolonged dialysis versus buffers containing 10 mM DTT (48 h or more at 4VC) both normal and mutant lysyl hydroxylases lost considerable activity (50% or more).
When lysates containing 10 mM DTT were added to the assay mixture, the resultant DTT concentration was higher than 100 ,M. If the dialysis step was eliminated and the DTT concentration in the assay mixture was increased from 0.1 to 1 mM, the rate of collagen hydroxylation by the mutant lysyl hydroxylase was increased while prolyl hydroxylase activity was either slightly increased or decreased. The activity of the mutant enzyme was always higher when assayed in 1 mM DTT, though the stimulation of activity often varied between experiments (+ 20-+ 200%). The activity of normal lysyl hydroxylase was usually unaffected or slightly enhanced by 1 mM DTT, although occasionally as much as 50% loss in activity was noted (Table IV) . Studies of enzyme activity in varying concentrations of DTT (to 10 mM) indicated that the mutant lysyl hy- (Fig. 3A and C) . The enzyme in mutant cells had an apparent Km for this cofactor (20 sM) approximately five times that of the normal enzyme (4 AM). The ascorbate concentration routinely present in assay mixtures (0.5 mM) was approximately 25 times the apparent Km of the mutant enzyme. Higher ascorbate concentrations (to 2.5 mM) did not increase enzyme activity. The DTT concentration affected the apparent Km of mutant enzyme for ascorbate. In the presence of 1 mM DTT, the mutant enzyme exhibited a greater affinity for ascorbate (apparent Km 5 FM) (Fig. 3B) , while the apparent Km of the normal enzyme was the same in 0.1 or 1.0 mM DTT.
As compared with ascorbate, dehydroascorbate supported near maximal lysyl hydroxylation but only minimal prolyl hydroxylation (10%) by enzymes from normal cells (Table V) . However, with dehydroascorbate the rate of collagen lysyl hydroxylation by mutant enzyme was only 50-60% of the rate with ascorbate. Increasing the dehydroascorbate concentration from 0.5 mM to as high as 2.5 mM did not increase the rate of lysyl hydroxylation by either normal or mutant enzymes. When DTT (100 FM) was omitted from the assay mix- (100 WM) confirmed this prediction (Fig. 4) .
a-Ketoglutarate. Lysyl and prolyl hydroxylases from normal and mutant cells required a-ketoglutarate in the assay solutions for the hydroxylation reactions to occur at significant rates. The lysyl hydroxylases in wild-type and mutant cells had similar affinities for a-ketoglutarate (apparent Km 20 tM) (Fig. 5A and B) . The apparent Km of prolyl hydroxylases from wild-type and mutant cells was 4 uM, and the Lineweaver-Burk plot indicates substrate inhibition of prolyl hydroxylase at a-ketoglutarate concentrations above 100 tM (Fig. 6) . Though the activities of prolyl and lysyl hydroxylases were coordinately inhibited (70-96%) by 5 mM a-ketoglutarate, with 1 mM a-ketoglutarate prolyl hydroxylase activity was selectively inhibited 80-90%, while lysyl hydroxylase activity was affected only slightly.
Iron. Although crude cell lysates of normal and mutant fibroblasts required ferrous ion in assay solutions for collagen hydroxylations to occur at maximal rates, in the absence of this cofactor considerable activity was still observed (Table V) Other properties of normal and mutant enzymes Aggregation in low ionic strength buffers. The ionic strength of the extracting buffer had little effect on the solubility of lysyl hydroxylases in the 50,000 g supernate of cell lysates (see above), but molecular sieve chromatography indicated that the lysyl hydroxylase from normal cells formed high molecular weight aggregates in low ionic strength buffers. Lysyl hydroxylase activity was readily separable from prolyl hydroxylase activity when normal cell lysates (prepared in 40 mM Tris-HCl, 250 mM sucrose, 50 mM 2-ME with or without 0.1% Triton X-100) were chromatographed on a (X107) Bio-Gel A-1.5 column equilibrated and eluted with 50 mM Tris-HCl, pH 7.4, 10% glycerol. In this low ionic strength buffer, lysyl hydroxylase activity in normal cells was eluted in the region of the excluded volume, but this activity in mutant cells was present almost exclusively i. in fractions corresponding to a lower molecular weight (Fig. 7A) normal cells was eluted in fractions corresponding to a low molecular weight component. Aggregation of prolyl hydroxylase was not influenced by ionic strength since in every buffer prolyl hydroxylase activity was eluted in identical fractions. Thermal stability. Lysyl hydroxylase activity in lysates of normal and deficient cells was diminished by approximately 95% after heating the enzyme (in solution with cofactors except for collagen substrate) 5 min at 60'C. After 15 min at 50'C, approximately 35% of the activity of the enzymes from both sources was retained. At lower temperatures the relative instability of the mutant enzyme was apparent. Though lysyl hydroxylase activity in lysates of normal cells was maximal when the assay mixtures were incubated at 34WC (for 60 min), approximately the same activity was measured after incubation at 300, 340, and 370 C (Table VI) . Lysyl hydroxylase from mutant cells exhibited peak activity when incubation was at 30'C, and incubation at 370C resulted in a 68% decrease in the rate of collagen lysyl hydroxylation. Prolyl hydroxylase from both normal and mutant cells exhibited maximal activity when incubation was at 370C. DISCUSSION
The finding that skin fibroblasts from siblings with hydroxylysine-deficient collagen (Ehlers-Danlos syndrome, type VI) contained much lower collagen lysyl hydroxylase activity than cells from normal subjects offered an experimental system amenable to further study of the nature of the defect. Studies of collagen prolyl hydroxylase in L-929 mouse fibroblasts indicated that during early log phase of culture growth, ascorbate may play a role in activation of prolyl hydroxylase (9) . We found prolyl hydroxylase activity was decreased in ascorbate-supplemented wildtype or mutant human fibroblast cultures, but since lysyl hydroxylase activity was unaffected, or slightly elevated, the net result was an increase in the ratio of lysyl hydroxylase activity to prolyl hydroxylase activity. Our data concerning the effect of ascorbate on hydroxylase activities in human skin fibroblasts cannot be directly compared with the studies of L-929 cells. We did not examine the effect on hydroxylase activities 1 h after administration of ascorbate to cultures in early log phase of growth; rather, we studied the effects of ascorbate supplementation throughout culture growth to confluence.
The results of studies of lysyl hydroxylase activity in mixtures of normal The concentration of DTT present in the assay solution (0.1 or 1.0 mM) had no effect on the apparent Km of the normal enzyme for ascorbate, but in 1 mM DTT the apparent Km of the mutant enzyme approached that of the normal. However, since assays were performed with an ascorbate concentration well in excess of the apparent Km of the mutant enzyme, the stimulation of activity by DTT must have an additional explanation, which we cannot provide at this time. We also note that interpretation of all of our kinetic studies must take into account the use of underhydroxylated collagen substrate at less than saturating concentrations. However, since all of the apparent Km's were determined from Lineweaver-Burk plots, which were linear, it is likely that the analyses are valid.
Hydroxylases in buffer without 2-ME are inactive unless DTT is present in the assay mixture. Furthermore, PCMB is inhibitory. It would thus appear, as in chick embryo enzymes (11, 18) , that sulfhydryl groups are necessary for activity. However, lysyl and prolyl hydroxylases in crude lysates of wild-type or mutant human skin fibroblasts are relatively stable in high concentrations of sulfhydryl reagents (10 mM DTT or 50 mM 2-ME), although collagen hydroxylases from chick embryos are known to be inactivated by such concentrations of sulfhydryl compounds (11, 18) . Although we found some loss of prolyl and lysyl hydroxylase activity in human cells incubated with 1 mM DTT in the culture medium, incubation of L-929 cells with this concentration of DTT caused loss of activity interpreted as due to disaggregation of prolyl hydroxylase into inactive subunits (9) . It would appear that collagen hydroxylases from different sources may have different characteristics.
As yet we have little information that would help to explain the variation in hydroxylysine content of collagens from different tissues of the two subjects studied here. The existence of multiple forms of lysyl hydroxylase in various tissues remains a possibility, although other explanations are also likely. Lysyl and prolyl hydroxylases cannot act upon their specific residues if the component collagen polypeptides are in triple helical conformation (19) (20) (21) . Therefore additional factors controlling lysyl hydroxylation could involve the relative rate of prolyl hydroxylation, the rate of chain synthesis, association, and helix formation, and the intracellular sites where these reactions take place. Recent evidence suggests that the time of chain association can be different in different tissues. Chain association and helix formation in chick embryo cartilage cells apparently occur at a later stage than in chick embryo tendon cells; the lateness of chain association in cartilage cells could be one of the factors influencing the high hydroxylysine content of cartilage collagen (22) .
Cofactor concentrations may also regulate the activities of collagen lysyl and prolyl hydroxylases and could therefore play a role in determining the extent to which lysine residues are hydroxylated, particularly if in some tissues these hydroxylations occur in different cellular compartments. Even though lysyl and prolyl residues are simultaneously hydroxylated in the same cellular location, the relative activities of the two enzymes would not necessarily be coupled. We found that 1 mM a-ketoglutarate almost completely inhibited prolyl hydroxylase, while lysyl hydroxylase activity was diminished only slightly. At low a-ketoglutarate concentrations the opposite effect occurs, since prolyl hydroxylase has greater affinity for this cofactor. Ascorbate concentration could also regulate the relative activities of the two hydroxylases, since prolyl hydroxylase has a significantly lower affinity for ascorbate than either normal or mutant lysyl hydroxylase. The (23) . The rate and sequence of events in collagen synthesis and cofactor concentrations and therefore the relative activities of prolyl and lysyl hydroxylases may vary from tissue to tissue. It is possible that all tissues of individuals with hydroxylysine-deficient collagen contain a mutant lysyl hydroxylase with altered kinetic properties, but the hydroxylysine content of the collagens synthesized by cells of different origin need not be reduced to the same extent. In this respect it would be important to determine if all subjects with the disorder show a similar reduction in the level of lysyl hydroxylation in collagens from different tissues. Though hydroxylysinedeficient skin collagen and low skin fibroblast lysyl hydroxylase activity has been established in another subject with Ehlers-Danlos syndrome type VI (24) , information is not yet available concerning the hydroxylysine content of other tissues. Further studies of collagen hydroxylase activities may indicate the reasons for a variability in the hydroxylysine deficiency of these collagens. The decreased extent of hydroxylation must be critical in the alteration of mechanical properties of the collagen from different tissues, which must, in turn, be responsible for the abnormal phenotype.
